ABSTRACT Conservation of biodiversity recently has focused on the importance of pollinator services for the preservation of threatened plant species in fragmented landscapes such as the tallgrass prairie biome. In this study, we assessed the inßuence of local and landscape ßoral resource diversity and abundance on bumble bee (Bombus Latreille) diversity and abundance at eight tallgrass prairie sites in Iowa. We calculated a landscape ßoral resource index (LRI) for areas within 500-and 700-m radii of each site based on the density and diversity of ßowering plant species in polygons of different landscape elements. LRI values, areas of each landscape habitat type, and the diversity and abundance of bumble beeÐ used ßowering ramets at each site were compared with bumble bee diversity and abundance at the site. Bumble bee diversity was best predicted by a model including the LRI of grasslands surrounding sites at 500 m, which explained most of the variance, and the abundance of bumble beeÐvisited plants at the site. Bumble bee abundance was best predicted by a model including the percent of the landscape in grasslands at the 700-m radius, which explained most of the variance, and the abundance of bumble beeÐvisited plants at the site. Our results reveal that bumble bee diversity at tallgrass prairie patches is inßuenced by the availability of resources in the landscape, particularly in grasslands, and to a lesser extent by site characteristics, indicating the importance of spatial scale for creating successful pollinator management plans in fragmented landscapes.
CONSERVATION EFFORTS TO PRESERVE biodiversity have begun to focus on the critical role that pollinators play in the success of many threatened species and communities (Kearns et al. 1998 ). In general, there has been a growing concern over the loss of native, wild insect pollinators (Rathcke and Jules 1993, Buchmann and Nabhan 1996) and the economic repercussions if such a decline would cause (Kevan and Phillips 2001) . In particular, bumble bees (Hymenoptera: Apidae: Bombus Latreille) are widespread, efÞcient pollinators that are important for the conservation of many endangered native plant species (e.g., Sipes and Tepedino 1995, Milberg and Bertilsson 1997) and the reproduction of numerous crop species (e.g., blueberries, clover, tomatoes) worth billions of dollars (Heinrich 1979) .
In Europe, the decline in bumble bee abundance and species richness in the last 50 yr is likely the result of an increase in the amount of land converted to agricultural use (Williams 1986 , Kosior 1995 , Svennson et al. 2000 . In North America, there also has been a loss of native habitats caused by agricultural intensiÞcation (Wilcove et al. 1998) , but the conservation status of North American bumble bees is largely unknown. Fragmentation and habitat destruction should negatively affect bumble bees because essential continuous ßoral resources (nectar and pollen) and suitable nesting habitats are lost. There is also a greater likelihood of toxicological effects of insecticides in agriculturally dominated landscapes (Thompson and Hunt 1999) . In Iowa, the loss of native tallgrass prairie vegetation to agriculture over the past 150 yr has been especially great (Robertson et al. 1997) . At the time of European settlement, tallgrass prairie comprised 85% of IowaÕs 145,800 km 2 , but today only 0.1% of the original prairie remains, mostly in a few large, protected preserves (Ͼ50 ha) (Herzberg and Pearson 2001) and numerous small (Ͻ5 ha), unprotected remnants (Hendrix and Kyhl 2000) . In Iowa, agricultural row crops consist largely of corn (Zea mays) and soybeans (Glycine max), which do not require insect pollination and are unlikely to provide seasonal resources for bumble bees (Corbet et al. 1991) . Because of agricultural and suburban development in Iowa, much of the landscape probably contains few or no ßoral resources for bumble bees, but in native, tallgrass prairie preserves, and remnants, as well as numerous small restorations, ßoral resources are typically diverse and abundant. These grasslands also provide suitable nesting resources for bumble bees, which nest in abandoned rodent nests or under dry dense vegetation.
The diversity and abundance of ßoral resources available to bumble bees will depend on the distance from their nests that they forage. Evidence from markÐ recapture studies (Dramstad 1996) and harmonic radar tracking (Osborne et al. 1999) indicate that bumble bees routinely forage up to 600 Ð 650 m from their nests. In another markÐrecapture study where the measurement of longer foraging distances could be made (Walther-Hellwig and Frankl 2000) , bumble bees foraged up to 1,750 m. ArtiÞcial displacement experiments with marked bumble bees showed that they can return to nests from as far away as 10 km over several days of travel (Goulson and Stout 2001) , but travel over such large distances may be an unlikely event. Such large potential foraging distances indicate that the study of any role of ßoral resource abundance in determining the diversity or abundance of bumble bees visiting a site will necessarily involve analyzing resource availability at the landscape level as well as at the habitat patch itself (Westphal et al. 2003) .
To study the inßuence of resource availability in fragmented landscapes on the diversity and abundance of bumble bee communities at restored and native prairie sites, we have addressed the following questions: (1) do measures of ßoral resources within tallgrass prairie sites or in surrounding landscapes signiÞcantly inßuence bumble bee diversity and abundance? (2) If measures of ßoral resources at sites and landscapes both signiÞcantly inßuence diversity or abundance, what is the relative contribution of these measures? (3) Which, if any, speciÞc habitat types in the surrounding landscape have a signiÞcant inßuence on bumble bee diversity or abundance at sites?
Materials and Methods
Study Sites. We examined eight sites in Johnson and Cedar counties in east central Iowa for analysis of Bombus species diversity and abundance in 2001. These sites were tallgrass prairie remnants or restorations ranging in size from Ϸ2 to 7.5 ha (Table 1) . There was no overlap between sites, which were separated by a minimum distance of 5.4 km ( ), we sampled Ϸ200 1-m 2 quadrats placed along transects regularly spaced throughout the site.
We quantiÞed the level of ßoral resources available to pollinators in the landscape surrounding a site in circular areas with radii of 500 and 700 m centered on the site. We used 1997 digital orthophoto quarter quads of Johnson and Cedar Counties and ArcView 3.0 to divide the landscape (including the site) into distinct polygons and measured the area of each one. We created eight landscape categories (excluding the site; Table 2 ), which we reduced to four combined landscape categories in some analyses. In mid-July, we visited each polygon to assign landscape categories, alter any polygon boundaries to reßect recent land use changes, and assign a resource value of 0 Ð5 (Table 3) . Resource values were based on both the diversity and density of forbs and ßowering shrubs, allowing polygons of the same landscape category to be assigned different resource levels. No site comprised Ͼ5% of the resulting area of 154 ha contained within the 700-m radius, although they typically represented the highest quality resource area within the landscape. The landscape categories of fallow pastures, grassy strips with forbs, and grazed pastures were assigned the greatest range of values ( Table 2) . We assigned a value of one or two to most woodlands because trees and a herbaceous ßora provide important ßoral resources in the spring, even though very few in ßower were present at the time of observation. Corn and soybean crops were given resource values of 0. Although it is possible they may be a seasonal resource (Thompson and Hunt 1999) , such use has yet to be established. Proportions of the landscape occupied by each of the nine landscape categories as well as the four broader categories were used to test the effects of speciÞc habitat types on bumble bee diversity and abundance.
Last, we created a landscape resource index (LRI) for each site with the following formula: where n ϭ number of polygons, P i ϭ Proportion of total landscape of polygon i, and R i ϭ resource level of polygon i. Higher landscape resource indices indicate greater ßoral resource diversity and abundance of ßowering ramets. Landscape resource indices remain nearly constant from year to year at the sites, barring changes in land use such as conversion of pasture or crop Þelds to suburban housing (C. Gienapp, unpublished data). Bumble Bee Surveys. We conducted visual surveys for bumble bees at each of the eight sites during the same three census periods as we measured ßoral resource diversity (28 May to 7 June, 22Ð29 June, 22Ð31 July). For each of the three bumble bee surveys, we visited each site three times, once during each of three time periods (0800 Ð1100, 1100 Ð1300, 1300 Ð1700 hours). All sampling was carried out on sunny days with temperatures between 19 and 32ЊC.
At each visit, we walked the entire site and looked for bumble bees on ßowering plants. We caught and marked each bumble bee with a small dot of colored correction ßuid on the thorax to avoid counting individuals more than once during a sampling period at a site. We recorded bumble bee species, caste, and the plant species on which the bumble bee was found foraging and released the bee. We spent 30 min per visit at the two sites with an area of Ϸ2,000 m 2 , 45 min at the two 10,000-m 2 sites, 90 min at the two 30,000-m 2 sites, and 120 min at the two 70,000-m 2 sites. We examined for a sampling time bias using rarefaction (see Statistical Analysis). Comparisons of abundance of bees caught per hour to resource values or habitat types removed potential sampling time biases.
We identiÞed bumble bees in the Þeld using Mitchell (1962) as a primary authority; for descriptions of local species, we used Medler and Carney (1963) . Voucher specimens of bumble bees are in the collection of Stephen D. Hendrix at the University of Iowa. The plant species were later categorized as native or introduced to analyze whether the bumble bees, which are native, showed preferences for native ßow-ering species.
Statistical Analyses. We used the log 2 Shannon-Wiener index to calculate bumble bee species diversity using cumulative abundances across all censuses. We also used cumulative abundances of ramets of plant species visited by bumble bees to obtain seasonal totals of available ßoral resources for each site. Plants included on the list were those from which we captured bumble bees in this and related studies (C. Gienapp, unpublished data). Only rarely did a plant species appear in more than one census, and therefore it is unlikely that the same ramets were counted twice in seasonal abundance measures. We examined plant diversity using the Simpson index rather than the Shannon-Wiener index because the former is less sensitive to rare plant species. These rare species are unlikely to have a strong effect on bumble bee diversity and abundance.
We identiÞed potential predictors of bumble bee diversity and abundance per hour using preliminary simple regression analyses comparing them against the percentage and LRI of each individual and combined landscape variable (Table 2) at both 500-and 700-m radii and site variables (abundance, diversity, and den- sity of bumble beeÐvisited ßowering ramets). Landscape predictors showing signiÞcance, and therefore chosen for further analyses were LRI of the landscape at 500 and 700 m (with and without the site) and the percentage of combined grasslands in the landscape (Table 2) . We chose to use LRI values with and without the site included to examine the relative contributions of ßoral resources of the landscape and site itself to diversity and abundance as well as the effect of the landscape and site combined. SigniÞcant site predictors were Simpson diversity, abundance, and density of ßowering ramets of plant species visited by bumble bees.
We used Pearson product-moment correlation analyses to examine for collinearity between potential predictors of bumble bee diversity and abundance per hour before multiple regression analysis. Diversity, abundance, and density of ßowering ramets at the site were not correlated with the LRI of the landscape (with and without the site included) at 500-or 700-m radii (all r Ͻ 0.54, all P Ͼ 0.16). However, there was weak collinearity between the site characteristics of density and abundance of ßowering ramets of species used by bumble bees (r ϭ 0.668, P ϭ 0.07), and only one of these two local measures of resources was used in any given regression model. In all models, we only use predicators showing no collinearity (P Ͼ 0.10).
We used maximum R stepwise multiple regression analysis (SAS Institute 1999) to examine relationships between diversity or abundance of bumble bees and landscape and site predictor variables. Best models were determined by values of MallowÕs Cp (Draper 1998) . Variables were tested for normality using the Kolmogorov-Smirnov test; all variables were normally distributed except abundances of ßoral resources at sites that were log-transformed and the proportion of grasslands in the landscape that were arc-sine transformed. Landscape values at the 500-and 700-m radii were analyzed separately.
Collection time sampling bias was examined by comparing measured species richness of sites with rarefacted species richness. In the rarefaction analysis, we set sample size at 21 individuals, one less than the minimum number found at the site with the fewest bumble bees. Rank order of species richness for the sites remained the same except for Solon Prairie, which decreased two places in relative rank, indicating little effect of sampling effort on species richness.
Results
We captured a total of 943 bumble bees belonging to eight species. Species richness ranged from Þve to eight species per site, and log 2 Shannon-Wiener diversity across the eight sites ranged from 2.05 to 2.69. Five species common to all sites were B. bimaculatus Cresson, B. impatiens Cresson, B. pensylvanicus (DeGeer), B. auricomus (Robertson) , and B. griseocollis (DeGeer), but the abundance of individuals among bumble bee species differed greatly between sites (Fig. 1) . We observed bumble bees on 43 of the 150 ßowering species found at the sites. The percentage of native plant species among the 43 species visited was similar to their overall percentage in the combined ßora of the sites (80 versus 77%, respectively). All of the plants on which bees were caught were herbaceous perennials or shrubs, except for one annual species (Melilotus alba L.).
On average, the landscape surrounding the sites was dominated by corn and soybean row crops (41%), with an additional 30% consisting of combined grasslands (fallow and grazed pastures, alfalfa, etc.) and 17% combined woodland. Of the four combined landscape categories, grasslands contributed on average 51% of the total LRI value. However, the percentage of different landscape categories differed greatly around the sites. For example, at the 700-m radius, areas without ßoral resources including agricultural Þelds, roads, and ponds, accounted for almost 85% of the landscape surrounding Sioux Avenue, but only Ϸ5% of the Turkey Creek landscape. Similarly, 40% of the landscape at Turkey Creek was woodland, whereas Solon PrairieÕs landscape had Ͻ4% woodlands and was 40% suburban.
Maximum R stepwise multiple regression analyses show that the best model predicting bumble bee diversity at a site in the fragmented Iowa landscape contained both the LRI of grasslands surrounding but not including the site at 500 m and the log-transformed abundance of ramets of ßowering plants at the site used by bumble bees (Table 4 ; Fig. 2 ). At the 500-m radius, the LRI of the grasslands and the abundance of bumble beeÐvisited resources at the site were both signiÞcant in the model predicting bumble bee diversity; at 700 m, the explanatory power of the model decreased Ϸ10%, and whereas the LRI of grasslands was signiÞcant, the abundance of bumble beeÐ used ßoral resources at the site only showed a trend in the model. The proportion of the variance explained by the LRI of the grasslands was two to three times that of abundance of bumble bee resources at the site at the two different radii (Fig. 3a) . When density of ßow-ering ramets was substituted for abundance in the above models, density did not contribute signiÞcantly to the models (all P Ͼ 0.50). The LRI of the complete landscape with and without the site included also Table 1 for site name abbreviations.
showed signiÞcant effects on bumble bee diversity (Table 4 ) but were not signiÞcant improvements over the model with grasslands LRI and abundance. We also created models in which we replaced the LRI of the grasslands with the percentage of the landscape in grassland surrounding but not including the site to determine if this cruder measure of resources was sufÞcient to predict diversity. At the 700-m radius, the model using percent grasslands was signiÞcant, but the explanatory power of the model was lower than the model using the LRI of grasslands. The model using percent grasslands at 500 m was not signiÞcant (r 2 ϭ 0.55, P ϭ 0.087).
In similar maximum R multiple regression models on abundance of bumble bees per hour, the best model was for the 700-m radius landscape, and it included both the percentage of grasslands surrounding the site and the abundance of ßowering ramets at the site (Table 4 ). The proportion of the variance explained by the percentage of the grasslands was nearly Þve times that of abundance of bumble bee resources at the site (Fig. 3b) . At the 500-m radius, the model with only percentage of grasslands showed a trend toward signiÞcance (r 2 ϭ 0.46, P ϭ 0.062). The addition of abundance of bumble bee used ramets at the site to the model only slightly increased the variance explained (Fig. 3b) . At the 700-m radius, the next best model combined the LRI of the landscape without the site and abundance of ßoral resources at the site (Table 4). When density of ßowering ramets or Simpson diversity of bumble bee plants was substituted for abundance in the above models, they did not contribute signiÞcantly to the models (all P Ͼ 0.50).
Discussion
Our results indicate that landscape features surrounding small (Ͻ10 ha) tallgrass prairie remnants as well as local features of the site itself are important predictors of bumble bee diversity and abundance. In particular, ßoral resource availability, as measured by our LRI, in the grassland portion of the landscape is a useful predictor of bumble bee diversity (Fig. 2) . The abundance of ßoral resources used by bumble bees at the remnants also contributes signiÞcantly to bumble bee diversity, but to a smaller extent than our measure of landscape ßoral resources (Table 4 ; Fig. 3a) . Similarly, bumble bee abundance was best predicted by a model containing the percentage of grassland in the landscape and to a lesser extent with the abundance of bumble beeÐ used plants at the site ( Fig. 3b; Table 4 ). Westphal et al. (2003) also implicated the importance of the landscape in maintaining bumble bee abundances, Þnding an increasingly signiÞcant correlation between the availability of mass ßowering crops and bumble bee density from 1,250 to 3,000 m from a ßoral patch. They did not Þnd a signiÞcant correlation between bumble bee density and the amount of seminatural habitat, which they attributed to the abundance of alternative resources in insect-pollinated crops. Because the main crop resources near our study sites (corn and soybeans) provide little if any resources, grassland habitats like fallow and grazed pastures, prairie remnants, and grassy roadsides provided the most diverse and abundant ßoral resources in the landscape.
Of the landscape elements deÞned in our study, grasslands and the resources they contain were the best predictors of bumble bee diversity and abundance. In addition to providing abundant ßoral resources, grasslands also provide nest sites for bumblebee queens, which generally prefer withered grasses and tussocks as a nesting substrate (Svennson et al. 2000) . Such nesting habitat may be limited in agricultural landscapes as a result of mechanical disturbances over large areas. The potential for nesting sites to be a limiting factor for bumble bees was emphasized by Richards (1978) , who found that bumble bees had long search times for nests, a high frequency of nest usurpation, low numbers of natural nests, and considerable niche overlap between species in southern Alberta. 
Fig. 2.
Relationship between bumble bee diversity at that site and the LRI of grasslands surrounding but not including the prairie study site in an area with a radius of (a) 500 and (b) 700 m. See Table 2 for landscape categories included in the grasslands category. Table 4 . ***P Ͻ 0.01, **P Ͻ 0.05, *P Ͻ 0.10. NS, not signiÞcant.
The spatial distribution of grasslands may also be important for maintaining bumble bee diversity. Marginal grassy areas, such as forest edges, Þeld boundaries, and roadsides, are common bumble bee nesting sites (Svennson et al. 2000) . Narrow grassy areas also provide spatial connectivity between large resource patches and may be important travel routes for bumble bees, which tend not to cross manmade barriers such as roads and railroads while foraging (Bhattacharya et al. 2003) . Such grass strips made up 17% of the grasslands landscape category in our study and often provided high resource values.
Given the high variability in the proportion of different landscape components across sites, some of the variation in species composition among sites (Fig. 1) could be explained by differences in foraging or nesting habitat preferences among species. Sepp et al. (2004) found the types of habitats in the landscape, particularly mixed forest, wetlands, and ecotones between agriculture and forests, inßuenced bumble bee community assemblages. The transition zone between forest and grassland has also been implicated as a particularly valuable nesting habitat (Richards 1978, Kells and Goulson 2003) . However, woodlands themselves were not a good predictor of bumble bee diversity in our study.
Our results show that landscape characteristics around prairie remnants within 500-or 700-m radii are useful predictors of diversity and abundance of bumble bees. Bumble bees can travel 2 km or more between nests and ßoral resources (Walther-Hellwig and Frankl 2000) , but the smaller radii we used may be effective predictors of diversity and abundance because, given energetic costs, bumble bees should prefer to limit distant ßights from the nest (Heinrich 1979) . Using molecular markers, Knight et al. (2005) found four European bumble bee species in an agricultural landscape foraged at a minimally estimated maximum range of 450 Ð758 m, depending on the species. Although foraging ranges for North American species have not been explored, these distances are consistent with our results. The most useful radii for predicting diversity or abundance of pollinators will likely vary depending on the availability of resources and the body size of the pollinator species, which is positively correlated to foraging range (Steffan-Dewenter and Tscharntke 1999).
Despite suspected declines in bumble bee diversity, they are still signiÞcant contributors to the pollinator guild, comprising 17Ð24% of the abundance of Hymenoptera and Lepidoptera visiting ßowers in eastcentral Iowa remnants and restorations (C. Gienapp, unpublished data). Furthermore, they visit 25% of the available ßowering plant species, a value similar to the 32% of ßowering species visited by bumble bees in Norway (Dramstad and Fry 1995) . The bumble bees in our study also showed no preference for native ßowers over exotic ones, indicating that they, unlike many other ßower visitors (Memmott and Waser 2002) , have a diet generalized enough to adapt to introduced species associated with agricultural disturbances. For specialized pollinators, however, the effects of fragmentation are likely to be more severe as habitat is lost and exotic plants increase (Packer et al. 2005 ).
In conclusion, our results indicate that the ßoral and, perhaps, nesting resources of grasslands within and surrounding tallgrass prairie habitat patches are important for maintaining local bumble bee diversity and abundance. The conservation of bumble bees and the services they provide will require management at a large spatial scale far beyond the boundaries of the protected area itself because many prairie preserves are much Ͻ100 ha. Providing nearby grassy areas rich in forbs and suitable nesting sites should enhance the diversity and abundance of bumble bees as well as other insect pollinators.
